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▼A simple method to mutagenize a DNA sequence that is
contained in a plasmid involves the use of two oligonu-
cleotide primers that are located back-to-back on the oppo-
site DNA strands of the sequence to be modified (Ref. 1).
PCR amplification thus generates a linear DNA that covers
the whole plasmid length, which, upon self-ligation, ren-
ders the modified version of the original plasmid in a single
step (Fig. 1). Previous reports (Ref. 1) have pointed out that
the total length of the plasmid to be manipulated repre-
sents a significant limitation of this method, which was
found feasible for plasmids of ∼3 kb. Here, we describe an
optimized procedure for the application of this technique
to plasmids that are >10 kb, which should be of interest
in genomic analysis, generation of vectors for Drosophila
transformation, transfection and other applications.
The first challenge was to obtain enough product of the
appropriate length with correct termini. A variety of ther-
mostable polymerases were used (see Fig. 2). Enzymes that
are currently used for PCR mutagenesis include the DNA
polymerases from the thermophilic bacteria Pyrococcus fu-
riosus (Pfu) and Thermococcus litoralis (Vent). Neither of
these enzymes (lanes 4 and 5) nor Taq polymerase (lane
6) were able to generate reasonable amounts of full-length
PCR product under a variety of experimental conditions. A
mixture of the P. woesei (Pwo) and Taq polymerases gen-
erated products that were apparently full-length (lane 7)
but that upon closer examination had deletions of 3–25
nucleotides, most likely owing to the 3′ exonuclease activ-
ity of the Pwo enzyme under the conditions of limiting
concentration of dNTPs in the late cycles of amplification.
Full-length products with correct termini were amplified
only in reactions that contained either the Thermus ther-
mophilus Tth polymerase (lane 8) or mixtures of Pfu and
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Taq polymerases (lanes 2 and 3). Although Tth is a robust
enzyme for amplification of long templates (Ref. 2), we fa-
vor the use of the combination of Pfu and Taq enzymes that
are present in TAQ Plus PrecisionTM because the presence
of the Pfu enzyme decreases the rate of nucleotide misin-
corporation significantly (Ref. 3). PCR amplification often
results in the addition of nucleotides at the 3′ end(s) of the
amplified product (Ref. 4), which can be removed by the 3′
to 5′ exonucleolytic and nucleotide exchange activities of a
variety of DNA polymerases [including Pfu (Ref. 5), which
we found to be ∼2–3-fold more efficient than T4 DNA poly-
merase].
The amplified mutant DNA needs to be separated from
the wild-type template to avoid the recovery of the original
plasmid. For plasmids that are <7 kb, this can be achieved
by agarose gel electrophoresis, taking advantage of the fact
that the template is circular whereas the amplified DNA is
linear. Plasmids >7 kb, however, could not be eluted in
sufficient amounts from agarose gels with methods such as
freeze–squeeze, purification based onDNA-affinity columns
or digestion with β-agarase. In addition, purification of
these long DNAmolecules (particularly through DNA affin-
ity columns) generated an unexpectedly high number of
clones (24:1) that contained plasmids substantially shorter
than the length of the DNA that was used to set up the
ligation reactions (Table 1). Substitution of the gel purifica-
tion step by digestion with DpnI (Ref. 6), an enzyme that
only cleaves methylated DNA and will therefore digest the
original template but not the PCR product, increased the ra-
tio of correct recombinants by 15–20-fold to 80% (Table 1).
Digestion with DpnI needs to be performed after ligation,
to avoid ligation of DpnI digestion products. As this latter
method involves no size selection step, it is important that
1366-2120 c©2000 Elsevier Ltd. All rights reserved. PII: S1366-2120(08)70147-8 www.sciencedirect.com 3
Technical Tips Online, Vol. 5, 2000 Technical Tips
FIGURE 1. Outline of the mutagenesis procedure based on amplification of full-length plasmids by PCR. Oligonucleotide primers, which are located
back-to-back on the opposite strands of the template DNA and designed to generate the desired mutations, are used to obtain mutagenized versions of
the original plasmid by PCR amplification and self-ligation. In the standard procedure the amplified DNA is purified from the parental template by gel
electrophoresis before ligation (left). In the modified procedure the DNA is digested with the methylation-dependent DpnI nuclease after ligation (right).
the amplification reaction renders mainly full-length prod-
ucts, to avoid the competition of smaller DNA fragments in
the ligation–transformation process.
Protocol
Primer preparation and pcr
Primers of 20–25 nucleotides in length with a melting tem-
perature of 56–60◦C were synthesized to contain phos-
phorylated 5′ ends or enzymatically phosphorylated in
10 µl reactions that contained 15 pmol of primer, 1
µl of 10 × polynucleotide kinase buffer (New England
Biolabs) and 1 µl (10 U) of polynucleotide kinase (New
England biolabs) at 37◦C for 45 min followed by 30
min at 65◦C for enzyme inactivation.
50 µl PCR reactions were set up in thin-wall tubes, contain-
ing 50 ng (9 fmol) of template plasmid (copia-SxlTE234;
Ref. 7), 400 µm each of the dNTPs, 5 µl of 10 × Taq
Plus Precision Buffer (Stratagene), 1 µl (5 U) of Taq Plus
Precision (Stratagene) and 1 µl of 10 µ of each primer.
Alternatively, Taq Plus Long (Stratagene) was used in
combination with 10 high-salt buffer (200 mm Tris-
HCl pH 9.2, 600 mm KCl, 20 mm MgCl2). The use of
dNTP concentrations above or below 400 µm resulted
in a significant decrease in the yield of the PCR product.
The PCR reactions were assembled on ice and then placed
on a thermal block that was pre-heated to 94◦C. The
reactions were incubated for 2 min at this temper-
ature and then amplified for 16–20 cycles of 1 min
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FIGURE 2. PCR amplification of a 10.2 kb plasmid with different thermostable polymerases following the protocol detailed in the text. Lane 1: λ Hind III
molecular weight marker (Gibco BRL). Lane 2: mix of polymerases from Pyrococcus furiosus (Pfu) and Thermus aquaticus (Taq) [Taq Plus Precision
(Stratagene)]. Lane 3: mix of polymerases from Pfu and Taq [Taq Plus Long (Stratagene)]. Lane 4: Pfu DNA polymerase (Stratagene). Lane 5: Thermococcus
litoralis DNA polymerase [Vent (New England Biolabs)]. Lane 6: Taq DNA polymerase [Ampli-TAQ (Perkin-Elmer Cetus)]. Lane 7: mix of polymerases
from P. woesei (Pwo) and Taq [EXPAND (Boehringer)]. Lane 8: Thermus thermophilus HB8 DNA polymerase (Tth). Lane 9: 1 kb molecular weight marker
(Gibco BRL).
at 94◦C, 1 min at an annealing temperature 5◦C be-
low the lowest melting temperature of the primers,
and 8 min(approximately 50 s per kb) of extension
at 68◦C, followed by a final extension at 72◦C for 10
min. Normally, 16 cycles were sufficient to generate
enough amplification product to be visualized in ethid-
ium bromide-stained agarose gels. When more than 16
cycles were used, the extension time of each additional
cycle was increased by 20 s.
Blunt-end generation, ligation and transformation
To generate blunt ends, 0.5 µl of Pfu (2.5 U µl−1) was added
to the reactions immediately after the PCR amplifica-
tion and incubated for 30 min at 72◦C, followed by
chloroform extraction, addition of NaCl to 100 mm
and precipitation with 3 volumes of ethanol.
The pellets were washed with 70% ethanol, dried and re-
suspended in 10 µl of H2O. 1 µl (∼300 ng) was used to
set up ligation mixtures in a total volume of 10 µl that
contained 1 µl of 10 × ligation buffer (500 mm Tris-
HCl at pH 7.5, 100 mm MgCl2, 100 mm dithiothreitol,
10 mm ATP and 250 µg ml−1 bovine serum albumin)
and 200 U of T4 DNA ligase (New England Biolabs). Af-
ter overnight incubation at room temperature, 5 µl of
10 × Buffer 4 (20 mm Tris-acetate, 10 mm magnesium
acetate, 50 mm potassium acetate and 1 mm DTT) and
4 µl (80 U) of DpnI (New England Biolabs) were added,
the total volume was adjusted to 50 µl and the reaction
was incubated for 2 h at 37◦C.
Table 1. Comparison of the results of PCR-directed mutagenesis
experiments depending on the length of the template and the method of
purification of the PCR product
7 kb plasmids 10 kb plasmids
Gel purification Gel purification Dpnl digestion
Number of experiments 2 6 8
Total number of clones analyzed 40 144 47
Percentage of positive clones* 87.5±2.5% 3.3±3.6% 87.5±9.7%
* Standard deviations from the percentage of positive clones are indicated as.
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After chloroform extraction and ethanol precipitation, half
of the ligated DNA was used to transform Escherichia
coli (SURE or XL-1 Blue strains) by electroporation.
Clones were analyzed first by PCR amplification of their
inserts (Table 1). The clones that had inserts of the cor-
rect size were analyzed by sequencing to verify that the
desired mutation/deletion was introduced. Although gel
electrophoresis plus Qiagen column purification produced
close to 90% positive mutant clones from a template of 7
kb, only 3% of the recombinant plasmids were of the appro-
priate size when the template was 10 kb long. Substitution
of the gel purification step by digestion with DpnI restored
the efficiency of mutant recovery.
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Products Used
Taq polymerase: Taq polymerase from Boehringer
Mannheim
Taq polymerase: Taq polymerase from Boehringer
Mannheim
Pfu DNA polymerase: Pfu DNA polymerase from
Stratagene
Taq polymerase: Taq polymerase from Boehringer
Mannheim
polynucleotide kinase: polynucleotide kinase
from Ambion Inc
polynucleotide kinase: polynucleotide kinase
from Boehringer Mannheim
Polynucleotide Kinase: Polynucleotide Kinase
from New England BioLabs
polynucleotide kinase: polynucleotide kinase
from Ambion Inc
polynucleotide kinase: polynucleotide kinase
from Boehringer Mannheim
Polynucleotide Kinase: Polynucleotide Kinase
from New England BioLabs
Taq polymerase: Taq polymerase from Boehringer
Mannheim
Taq polymerase: Taq polymerase from Boehringer
Mannheim
Taq polymerase: Taq polymerase from Boehringer
Mannheim
T4 DNA ligase: T4 DNA ligase from Boehringer
Mannheim
ligase: ligase from Boehringer Mannheim
Dpn I: Dpn I from New England BioLabs
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